The C2C12 cell line is frequently used as a model of skeletal muscle differentiation. Although myotube formation from C2C12 cells in serum-free medium has already been reported, in our experimental system we needed surface-bound signals (substrate adsorbed vitronectin or laminin) to induce differentiation. Based on this substrate-requirement of myotube formation we developed a photolithography-based method to pattern C2C12 myotubes. We have determined that the optimal line width to form single myotubes is approximately 30 µm. In order to illustrate a possible application of this method we patterned myotubes on the top of commercial substrate-embedded microelectrodes. This technique can find further applications in cell biology, tissue engineering and robotics.
Introduction
Potential applications of artificial skeletal muscle includes tissue replacement, physiological and pharmacological studies, disease models and robotics (1) (2) (3) (4) (5) . Although skeletal muscle engineering showed significant success in the last decades, there are still several challenges hindering the development of functional artificial skeletal muscle such as low contractile force and lack of spatial control of myotube formation and attachment (1, 2, (6) (7) (8) .
The goal of our laboratory was to develop a method for the integration of skeletal muscle with silicon structures using standard manufacturing process for Micro Electro Mechanical Systems (MEMS)
applications. As a model system, we utilized the C2C12 mouse skeletal muscle cell line because it was frequently used for the study of differentiation of myoblasts, formation of the neuromuscular junction or for pharmacological studies. (9) (10) (11) (12) (13) (14) (15) . For the control of the attachment of myoblasts and consequent myotube formation we have adapted a photolithography-based method which has already been successfully applied to pattern neurons and other cells (16, 17) . Besides photolithography, several other techniques (micro contact printing, micro fluidic patterning, inkjet printing, etc.) have already been established to pattern cells (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) .
One of the common problems in patterning cells using chemical patterns on the culture surface is the necessity to use serum free medium, because adsorbed proteins from serum containing medium might obscure the surface patterns (17, 29) . C2C12 cells have already been shown to form myotubes in serumfree conditions (12, (30) (31) (32) . In contrast to these studies, we have observed that C2C12 cells require specific surface-bound signals to form myotubes in our serum-free medium. Vitronectin is an important serum component and it is among the first proteins adsorb to hydrophilic surfaces upon exposure to serum (33) .Additionally, vitronectin has been reported to play a role in myotube attachment and differentiation (34, 35) . Synthetic surfaces (N-(2-aminoethyl)(3-aminopropyl) trimethoxysilane /EDA/ and tridecafluoro-1,1,2,2-tetrahydrooctyl-1-dimethylchlorosilane /13F/) have also been used for the study of the attachment, morphology, and proliferation of C2C12 cells (36) .
Materials and Methods

Surface modification
Glass coverslips were cleaned using HCl/methanol (1:1) for 30 min, soaked in concentrated H 2 SO 4 for 30 min then rinsed in dd.H 2 O. Coverslips were boiled in deionized water, rinsed with acetone then oven dried. The trimethoxysilylpropyldiethylenetriamine (DETA, United Chemical Technologies) film was formed by reaction of cleaned surfaces with 0.1% (v/v) mixture of the organosilane in toluene. The DETA coverslips were heated just below the boiling point of toluene, and then rinsed with toluene, reheated just below the boiling temperature, and then oven dried. Surfaces were characterized by contact angle and X-ray photoelectron spectroscopy methods (29) . In some experiments DETA coated coverslips were incubated in 1) Cell culture medium + 10% fetal bovine serum 2) 10 µg / ml (in water) vitronectin (Invitrogen) 3) 10 µg/ml (in water) laminin (Invitrogen) for 1 h at 37°C.
Surface patterning
Quartz photomasks were designed using the CleWin layout editor (WieWeb, Hengelo, The Netherlands) and fabricated through a commercial vendor (Bandwidth Foundry Pty Ltd., Australia). All cell culture experiments were repeated 3 times with 3 coverslips in each experiment.
Immunohistochemistry
Coverslips were fixed in -20°C methanol for 5 min followed by permeabilization in PBS + 1% BSA + 0.05% saponin (permeabilization solution) for 5 minutes. Non-specific binding sites were blocked using permeabilization solution + 5% donkey serum (blocking solution) for 30 minutes at room temperature. 
Results and Discussion
Surface-bound signals required for myotube formation
Our first observation was that in contrast to the published results (12, (30) (31) (32) , C2C12 myoblasts did not differentiate to myotubes when replated in our serum-free medium (Fig 1.) . When we followed the published protocols more closely, we observed that myotube formation happened in serum-free conditions only when, instead of replating the cells at confluency, we have just replaced the serum containing medium with the serum-free one. Based on this observation we have repeated our initial experiments, but before replating, we have incubated the culture surface (which was either cell-culture quality plastic or DETA coated coverslips) with the serum-containing medium for 1 h followed by rinsing the coverslips in serum-free medium 3 times. This short surface treatment resulted in myotube formation in serum-free conditions (Fig 1) . Our conclusion was that factors, adsorbed from the serumcontaining medium to the culture substrate, were necessary for C2C12 myoblast differentiation.
Fauxcheau et. al. (2004) reported that vitronectin (adsorbed to the culture surface from serum) is the main attachment protein mediating the initial adhesion of cells in the presence of serum (33) . Thus, we repeated our experiments with C2C12 cells using cell-culture quality plastic and DETA coated coverslips incubated with 10% serum, 10 µg / ml vitronectin or 10 µg / ml laminin (a commonly used cell-culture substrate interacting with integrin receptors) for 1 h. Although initial cell attachment was the same on all surfaces, myotube formation was not observable on the untreated surfaces. Moreover, by day 5 in vitro (DIV) C2C12 cells were detaching from these surfaces. Myotube formation was started at day 3 for the vitronectin treated surface, day 5 for serum and about day 7 for laminin, and was strongest on vitronectin coated surface (Fig 1.) . 
Control of myotube formation through patterning of vitronectin on the surface
In our serum-free conditions differentiation of C2C12 cells was very sensitive to surface coatings.
Myotubes were formed only on those surface areas where vitronectin was present. Based on this observation we have adopted a photolithography-based technique (laser ablation, (37)) to create vitronectin patterns on the culture surface and consequently control myotube formation. Using different line-widths we have determined that below 10 µm width myotubes did not form, at 30 µm single myotubes, above 30 µm multiple myotubes formed on the lines (Fig 2. ). This was an important observation, because this dependence of myotube formation on the pattern dimensions might make it possible to separate different cell types, neurons and myotubes for example, just by pattern geometry (neurons are growing relatively well on 5 µm lines) in future co-culture experiments.
<Fig 2>
In order to demonstrate the possibility of the integration of myotubes with silicon-based devices we have registered vitronectin surface patterns with substrate embedded microelectrodes. These electrodes could be used for selective stimulation of single myotubes in robotics, MEMS or drug screening applications (Fig 3. ).
In summary: We have shown that myotube formation by C2C12 myoblasts highly depends on the culture surface in serum-free conditions. This surface dependency of muscle differentiation can be used to control myotube formation and consequent integration of skeletal muscle with silicon structures for MEMS, robotics or tissue engineering applications. 
